The lattice dynamics of C 60 has been studied first by means of group theory and then by diagonalizing the dynamical matrix for two recently proposed intermolecular potentials. The libron and phonon energies are calculated as a function of momentum along various symmetry directions with and without phonon-libron interactions. The effects of these interactions on the density of states are also discussed. Explicit expressions for the energies of these modes at zero wave vector are given. It is found that both potential models have nearly the same phonon but a somewhat different libron spectrum. The lattice dynamics of C60 has been studied first by means of group theory and then by diagonalizing the dynamical matrix for two recently proposed intermolecular potentials. The libron and phonon energies are calculated as a function of momentum along various symmetry directions with and without phonon -libron interactions. The effects of these interactions on the density of states are also discussed. Explicit expressions for the energies of these modes at zero wave vector are given. It is found that both potential models have nearly the same phonon but a somewhat diferent libron spectrum. The calculated libron energies agree reasonably well with currently available experimental results.
I. INTRODUCTION
Recently it has been established that Csc molecules in solid Cso undergo an orientational ordering transition at a temperature T, of about 250 K. r For temperature T )T, the molecular orientations are uncorrelated over distances of more than a few lattice constants. 2 In this phase the molecular centers form an fcc Bravais lattice with space group Frn3m (Ref. 3) and the molecules are freely rotating. 4 For T & T, an orientationally ordered structure is formed with four molecules per unit cell.Ĩ t has been shown that there are only three possible space groups for completely oriented icosahedra centered on fcc lattice positions such that there are four molecules per unit cell. It has been establisheds 7 that the ordered structure is that of the space group Pa3 (Ths) . In this structure the center of gravity of each molecule remains on its fcc lattice position. This structure may be viewed as consisting of four interpenetrating simple cubic sublattices, on each of which molecules assume a given fixed orientation as shown schematically in Fig. 1 (+) (+) x(v) (0, 0, 0)a (-, ', 0, -, ') Table I . Molecules with solid arrows are in the z = 0 plane and those with dashed arrows are in the plane z = 2a. The end of the arrow labeled (+) points out of the page. To get the equilibrium orientational configuration, each molecule must be rotated from its standard orientation through the setting angle, C, about the local axes indicated by arrows. Values of C are given in Refs. 27 and 6 as 22' and 26 ', respectively ''l, i =t, r, (5) where N is the number of unit cells, we get the following system of equations determining the normal modes and frequencies of the system: where X~(a, p) denotes the equilibrium position of the center of mass of the pth molecule in cell a (see Table  I ) and z~(k) is the pth component of the position of the kth atom in the molecule-fixed coordinate system.
Here F~i s the rotation matrix whose elements I'" give the direction cosine between the crystal-fixed n axis and the molecule-fixed axis p. Also, t~(a, p) is the a component of the translational displacement of the center of mass of the pth molecule in unit cell a. Since we shall treat the translational and rotational motions along with their coupling in the same framework it is convenient to define three translational coordinates as mass-weighted displacements of the center of mass along the three directions of the Cartesian axes by the relation (2)~~u ' (q, p) 
Here D"p(q; pv) = ) V'p(op; bv) (14) (Ba), , (17) ) . &84(oIJ, ) 
' (20) the present potential models the results from group theory which are independent of the force model of the crystal, are most valuable, especially for the analysis of the infrared, Roman, and neutron scattering of the crystals. 
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Here R are 3 x 3 rotational matrices which are elements of the group of suave vector q, G(q). The quantity 6(p, E(v, R)) describes interchanges in the sublattices, if any. It is a Kronecker delta, and vanishes unless p corresponds to the sublattice v via R, in which case it is equal to unity. In Eq. (20) we used the fact that the transformation properties of both translational and rotational coordinates are the same except that u" (q, y, ) transforms like the component of an axial vector. Note that det(R) = +1 for proper and improper rotations, respectively. Therefore, the transformation matrix for u" (q, p, ) differs from that for u4 (q, p) by inclusion of the factor det(R). Further, because u~o(q, p) and u" (q, p) transform independently of each other, the oiF-diagonal parts of S(q; R) in Eq. (20) (24) and h is the order of G(q). The quantity c, above is the number of times the irreducible representation (IR) r(') (q) of dimensionality f, occurs in the 24-dimensional reducible representation of S(q). Correspondingly, there will be c, eigenvalues~, 1(q),~, 2(q), . . . ,~, , (q) each of which will be f;fold degenerate.
After having reviewed the standard group theoretical procedure, we shall now present the results of the group theoretical analysis of lattice vibrations of the solid Cso.
C6p molecules crystallizes in the simple cubic system, space group T&~(Pa3) with four molecules per unit lying on sites of Ss(3) symmetry (Fig. 1) 
Subtracting acoustic modes I' T;. = T"(which correspond to the translation of the crystal as a whole), we get 1' = (0, 0, 0), X = (0, 2, 0), M = (~~,~, 0), R = (2,~, 2) in units of ( -,). according to Koster; Fig. 5(b) , which are proportional to the order parameter. Consequently, these splittings disappear in the orientationally disordered fcc phase due to the higher symmetry. As shown in Fig. 4(b) , these splittings are negligibly small in the case of potential I. In this regard potential I appears to be more symmetric than the crystal structure requires. Also, we note that the efFect of the libron -phonon interaction is stronger in this direction than in the other symmetry directions. Thus in Fig. 5 Fig. 4(b) 4(b) and 5(b), have energies of order 30 -45 cm i. Furthermore, since the intensities of these absorptions vanish in the disordered phase, we intuit that they are proportional to the square of the order parameter. In the case of orientationally ordered solid N2, Schnepps2 showed that the infrared absorption cross section at zero temperature was proportional to the square of the quadrupole moment.
More general argumentsss indicate that the absorption cross section at nonzero temperature is proportional to the square of the (quadrupolar) orientational order parameter. We expect the same type of result to hold here, except that here the order parameter is defined (see Ref. 5) in terms of averages of sums over atoms of sixth-order spherical harmonics. Therefore the measurement of the temperature dependence of the oscillator strength of the optical phonon provides an alternative experimental way to access the temperature dependence of the order parameter.
With regard to Raman scattering, symmetry indicates that the libron modes are in principle observable. In the case of solid Nz or solid H2 the mechanism for Raman scattering involves an interaction with the radiation field proportional to nEz, where n is the polarizability. It is important that the molecular polarizability is anisotropic, and thus depends on the orientation of the diatomic molecules. Expanding this orientational dependence in terms of libron amplitudes shows that in Ra man scattering one can observe creation of single libron modes at zero wave vector. (Anharmonic libron -libron interactions permit creation of two librons during Raman scattering. s4) But here, the molecular polarizability, being a second-rank tensor, is isotropic, at least if distortions of the molecule away from icosahedral symmetry are neglected. Thus, in the independent molecule approximation, the polarizability is independent of libron amplitudes, and hence gives rise to no Raman scattering due to librons. However, in principle there will be a small anisotropy in the polarizability due to the multipole field of one molecule acting on its neighbors. When the multipoles are dipoles, this effect is called the dipole-induceddipole mechanism. ss Such a mechanism might give rise to a Raman cross section from simultaneous creation of one or possibly several librons. We are presently pursuing such calculations.
Recently, van which difFer by a vector of the reciprocal lattice. Within a harmonic version of lattice dynamics, the phonon frequencies for these two scattering vectors will be identical. However, their intensities will be proportional to the square of the magnitude of the Fourier transform of the phonon polarization vector within the unit cell. Thus by comparing intensities at several such equivalent scattering vectors it should be possible to recover information on the phonon polarization vector of each modes. This type of analysis could be done both at zero wave vector (for optical modes) and at nonzero wave vector.
V. ROOT-MEAN-SQUARE DISPLACEMENTS
In this section we shall discuss the validity of our smallamplitude expansion. For this we first derive a formula for the root mean square of the amplitude of rotational and translational oscillations. After expanding the potential energy of the molecular crystal in terms of u '(a, p, ) and u"(a, y, ) in the harmonic approximation and then de6ning the crystal normal coordinates through the linear transformation n = x, y, z, p = 1 -4, (29) where i = f, , r for translational and librational motions, respectively, the Hamiltonian becomes As an illustration, we construct the matrix T(I'; R) for R = R2 = Csi. From Table II we see that under the symmetry operation R2 the sublattices p = 1, 2, 3, and 4 goes to v = 1,4, 2, and 3, respectively. Thus using Eqs. 
P",A(T) =~-"~) ""' (I';R)'T(I';R) (pgA).
ReG {1') (B19)
In this way, we can obtain three orthonormal sets corresponding to the three occurrences of T~i n S(I'). Here is the result:
Before carrying out this block diagonalization, we need first to discuss the restrictions imposed by symmetry on the structure of D(F). (B13), (B16), and (B17) can be taken to be eigenvectors of the dynamical matrix. For the Ts modes, eigenvectors are the linear combinations of the vectors~T ' &~, i, j=1 -3. Using these symmetry-adapted vectors, one can construct the diagonalizing matrix Q(F) which serves to transform D(F) into block diagonal form D(F) = P ic P P k q -6~A q h 6 -A P n P p~A -A h 6 -6 k PPn 6-Ah k p 6 a P -P h 6 A e A -AP n -P 6k -p -Ah -6-6A h -P-P a --A-q~-& 6 e -Aph -6 -Aa -PP A h 66 k -p -P-n -P -p 6 k A -p e P -P n 6 A h h-6A~-A-qk-q6~-p-p 6 k p A h 6 -p e A -P n P -Ap~-p 6k 6 -Ah -PP-nwhere p,~p, ' and v -+ v' under 
